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Tailoring restoration interventions to the
grassland-savanna-forest complex in central Brazil
Isabel B. Schmidt1,2 , Maxmiller C. Ferreira3, Alexandre B. Sampaio4, Bruno M. T. Walter5, Daniel
L. M. Vieira5 , Karen D. Holl6
Defining the reference system for restoration projects in regions characterized by complex vegetation mosaics is challenging.
Here we use the Cerrado region of Brazil as an example of the importance of clearly defining multiple natural and anthro-
pogenically altered states in grassland-savanna-forest mosaics. We define three main, natural vegetation types–grassland,
savanna, and scleromorphic (cerradão) forest–to (1) distinguish between original and degraded states and (2) set appropriate
targets for and guide restoration. We contend that the differences in Cerrado vegetation composition originally were driven by
soil conditions and secondarily by fire frequency and precipitation patterns that differ from the core to the edge of the Cerrado
region. Grasslands are found on the shallowest, least fertile soils and/or in waterlogged soils; scleromorphic forests are gen-
erally located on deeper, more fertile soils; and savannas occupy an intermediate position. In recent decades, this biophysical
template has been overlain by a range of human land-use intensities that strongly affect resilience, resulting in alternative
anthropogenic states. For example, areas that were originally scleromorphic forest are likely to regenerate naturally follow-
ing low- or medium-intensity land use due to extensive resprouting of woody plants, whereas grassland restoration requires
reintroduction of grass and forb species that do not tolerate soil disturbance and exotic grass competition. Planting trees into
historic grasslands results in inappropriate restoration targets and often restoration failure. Correctly identifying original
vegetation types is critical to most effectively allocate scarce restoration funding.
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Implications for Practice
• Land managers and scientists should collaborate to iden-
tify the range of natural and anthropogenic states in
grassland-savanna-forest mosaics to choose appropriate
targets for restoration.
• Identifying natural and anthropogenic factors influencing
these vegetation types and their degraded states can help
guide selection of the most suitable and cost-effective
restoration techniques.
• The resprouting ability of woody species allows for high
resilience under low-intensity disturbance regimes; how-
ever, herbaceous native species rarely recover naturally
following extensive soil disturbance and exotic grass inva-
sion.
• There is an urgent need to improve evidence-based
restoration techniques in the Cerrado grassland-savanna-
forest complex, especially how to control invasive grasses,
reestablish soil conditions, and manage fire, since tech-
niques applicable at a large scale are necessary to achieve
restoration commitments and targets.
Introduction
Restoration ecologists have long recognized that few degraded
ecosystems follow a linear recovery trajectory toward a
reference ecosystem (Trowbridge 2007; Matthews et al. 2009).
Vegetation models that incorporate multiple endpoints or states
with thresholds between them better describe the dynamics
of many ecosystem types (Westoby et al. 1989; Suding et al.
2004; Bestelmeyer et al. 2017). Identifying alternative natural
vegetation types and isolating the factors driving the transitions
between them and degraded areas are essential to select and
implement compatible management and restoration efforts. Yet,
there are still few examples where the environmental drivers
of transitions have been clearly identified and used to guide
restoration (Suding et al. 2004). Briske et al. (2005) highlight
the utility of this approach; they describe drivers that influence
the transitions between grassland and woodland ecosystems in
North American rangelands, pinpointing ecological features
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that should be considered to plan and implement management
and restoration actions.
This need to distinguish among multiple states or vegetation
types is especially true in savanna regions, where a complex
mosaic of ecosystems naturally coexists across the landscape,
influenced by soil properties, topography, rainfall patterns, nat-
ural disturbances, and human activities (Lehmann et al. 2011).
Anthropogenic disturbances interact with natural drivers and
ecosystem resilience, shaping ecosystem structure and commu-
nity composition. In these complex ecosystemmosaics, it can be
challenging to identify the level of ecosystem degradation and
determine restoration targets. In such systems, vegetation types
are commonly classified according to the current vegetation
structure, which can lead to misinterpretations that jeopardize
conservation and restoration (Veldman 2016). Old-growth
savannas and grasslands (i.e. natural ancient ecosystems with
a continuous herbaceous layer, and in the case of savannas,
where grassy and woody species coexist, sensu Veldman et al.
2015), are threatened when they are seen as degraded forests
and targeted for forest restoration or carbon-sequestration
initiatives (Veldman 2016). On the flip side, degraded forests
may structurally resemble savannas or grasslands and be
misidentified as old-growth savannas or grasslands. These
misidentifications of reference systems can lead to misguided
conservation policies (Abreu et al. 2017) and the selection
of inappropriate restoration targets and methods, leading to
restoration failure (Suding 2011). For example, some state
laws in Brazil require planting trees regardless of the original
vegetation and do not consider nontree species in revegetation
requirements (e.g. Brazil DF Laws 14.783/1993; 23.585/2003).
This leads to the planting of fast-growing forest trees in areas
that were originally grasslands and savannas, resulting in high
tree seedling mortality (commonly > 60% in the first few years)
and/or nonrecruiting tree stands (Sousa & Vieira, in review), as
described in other systems (Suding 2011; Veldman et al. 2015).
Environmental laws and international commitments set a tar-
get for Brazil to restore approximately 12 million hectares of
natural habitat of which 5 million hectares are within the Cer-
rado region (Federal Decree 8952/2017). To achieve such com-
mitments, we need restoration methods that are cost-effective
and practical at a large scale. Globally, grassland and savanna
restoration methods are much less developed than forest restora-
tion methods and are still incipient in the Cerrado (Pellizzaro
et al. 2017; Coutinho et al. 2018). Given that barriers to grass-
land and savanna restoration differ from those in forest ecosys-
tems, they need to be restored in distinct ways (Hedberg &
Kotowski 2010).
Here, we use the natural complex mosaic of grasslands,
savannas and forest systems characteristic of the Cerrado region
in Brazil (Ribeiro & Walter 2008), as an example of how a
clear understanding of natural and anthropogenic states can
help guide restoration efforts. Our specific goals are to: (1)
characterize natural versus degraded vegetation states, resulting
from the most common human interventions; (2) identify the
main controlling variable influencing transitions between those
states; and (3) pinpoint the most effective restoration interven-
tions based on the transition controlling variable and natural
regeneration mechanisms.
Cerrado Vegetation Types
The Brazilian Cerrado is a mosaic of grasslands, savannas,
and forests that originally occupied 2 million km2, mainly in
central Brazil (Fig. S1, Supporting Information; Ribeiro &
Walter 2008; MMA 2015). We followed the Cerrado sensu lato
concept of Coutinho (1978), that is a gradient of vegetation
types of the campo limpo (a grassland) to cerradão (sclero-
morphic forest). It is a mesic savanna region, with a seasonal
rainfall pattern varying from 600 to 2,000mm/year (Sano et al.
2019), 90% of the rainfall occurs between October and April
with 2 to 5months of the year with no precipitation (Agência
Nacional de Águas 2019).
The Cerrado is the most biodiverse savanna worldwide
(>12,730 plant species) with high endemism rates (approxi-
mately 40% plant endemics) and ancient flora (Simon et al.
2009; Brazil 2018). Savannas and grasslands originally covered
>75% of the Cerrado region (Eiten 1972; Ab’sáber 1981).
In these old-growth savannas, graminoids, forbs, and woody
species coexist with crown cover ranging from <5–20% open
savanna-grasslands (regionally called cerrado ralo), to 20–50%
in typical savannas (cerrado típico), to 50–70% canopy cover
in closed savannas (cerrado denso). Herbaceous and shrub
species form a continuous layer and represent 60–80% of
the species richness (Ribeiro & Walter 2008; Amaral et al.
2017). Shallow and sandy soils are covered by old-growth
grasslands with no woody species (campo limpo) or with few
shrub and tree species (campo sujo), whereas in deeper, mesic,
and/or clay soils, tree canopy can cover 70–90%, forming
scleromorphic forest (hereafter referred to as cerradão) with
a sparse herbaceous layer (Ribeiro & Walter 2008). Several
studies link the occurrence of cerradão to deep, fertile soils
with a high proportion of clay, percent organic matter, C, N,
and K availability, and pH compared to areas of typical cerrado
(Furley et al. 1988; Furley & Ratter 1988; Haridasan 1992).
The occurrence of cerradão on soils currently with low fertility
is a possible consequence of past soil conditions maintained
over time by nutrient cycling (Haridasan 1985, 2000).
Determinants of Grassland-Savanna-Forest Complex
in Cerrado and Their Importance for Restoration
In the Cerrado region, as in other savannas worldwide, most
authors recognize that a combination of soil conditions, rainfall
seasonality, and fire regime drives the mosaic of vegetation
(Mistry 2000; Moreira 2000; Ribeiro & Walter 2008; Lehmann
et al. 2011; Pivello 2011; Bueno et al. 2013). However, many
articles apply a linear successional trajectory, assuming that the
exclusion of natural fire and anthropogenic disturbances (e.g.
increased fire frequency and cattle) may result in encroachment
and then transitions from grasslands into savannas and savannas
to cerradão (Rizzini & Heringer 1962; Henriques 2005). Other
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Figure 1. A conceptual model of the ecological factors and historical disturbances driving natural and anthropogenic vegetation types within the
grassland-savanna-forest complex in central Brazil. Natural transitions between grasslands, savannas, and forests (cerradão) are mostly limited by soil
conditions. Low-intensity land use such as changes in fire regime, wood harvesting, and light grazing by domestic livestock on native vegetation may cause
transitions (black arrows) from which they often can naturally recover when disturbances are interrupted (gray arrows). After medium- or high-intensity land
uses, other restorations interventions may be needed (Table 1), depending on the resilience of the original vegetation type.
studies indicate that with no human intervention, each of these
Cerrado vegetation types tends to maintain some stability over
ecological time scales (decades to centuries), even though the
boundaries of these vegetation types can naturally expand and
retract across the landscape in response to biotic and abiotic
factors (Eiten 1972; Coutinho 1978; Ribeiro &Walter 2008). In
addition, over geological time (thousands to millions of years),
there may be transitions between vegetation types (Prado &
Gibbs 1993; Oliveira-Filho & Ratter 1995).
We propose a conceptual model of the ecological factors and
disturbances driving natural and anthropogenic vegetation states
within the grassland-savanna-forest complex in central Brazil
that (1) highlights soil as an important threshold and deter-
minant of vegetation type and (2) incorporates degraded and
alternative land-use states to guide restoration. We propose that,
within the Cerrado region, grasslands, savannas, and cerradão
represent three main natural vegetation types that should be con-
sidered as restoration targets (Figs. 1 and S1). Savannas can
transition between open, typical, and closed vegetation subtypes
with changes to the fire and grazing regime.
Soil conditions are major determinants of vegetation type in
African, Australian, and South American mesic savannas. Gen-
erally, the rate of woody growth and canopy closure increase
with soil fertility; this shades out C4 grasses rapidly, providing
less opportunity for fire or grazing disturbance, thus maintain-
ing a forest structure (Lloyd et al. 2008; Lehmann et al. 2011).
In the core Cerrado region, soil conditions are the primary fac-
tor determining vegetation type, whereas annual precipitation
patterns and fire play a secondary role (Fig. 1; Furley & Ratter
1988; Furley 1996; Villalobos-Vega et al. 2014). Woody species
from tropical savannas have deep roots (approximately 15m;
Canadell et al. 1996) so shallow soils prevent colonization by
most woody species, especially trees (Ribeiro & Walter 2008;
Amaral et al. 2017; Buisson et al. 2018), acting as a barrier to
most grassland-savanna transitions.
In the core Cerrado region, where soils are mostly acidic and
infertile (Sano et al. 2019) and the dry season lasts from 3 to
5months (Agência Nacional de Águas 2019), the transitions
between open and closed savannas may be triggered by changes
in fire frequency, with frequent fires favoring herbaceous species
(Miranda et al. 2009). These savanna ecosystems evolved with
lightning-strike fires mostly during early rainy season, the
frequency of which is not well documented, but is hypothesized
to be between 1 and 9 years (Ramos-Neto & Pivello 2000;
França et al. 2007; Miranda 2010). What is clear is that humans
have increased the frequency and changed the fire season with
most anthropogenic fires concentrated in the late-dry season,
which has negative effects, especially for woody species. For
example, frequent (annual to triennial) late-dry season anthro-
pogenic fires are common, even in protected areas (Schmidt
et al. 2018). Frequent late-dry season fires kill trees and pro-
mote topkill (loss of aboveground plant structures) favoring
open vegetation forms and transforming trees to a shrub-like
morphology (Hoffmann 1999; Miranda et al. 2009). Such fire
regimes may promote the shift from cerradão and old-growth
savannas to anthropogenically derived savannas or grasslands
(Fig. 1; Sato 2003; Miranda et al. 2009). Woody encroachment
happens slowly and results in a low increase in basal area
from the growth of stems in areas protected from natural and
anthropogenic fires (Moreira 2000; Sato 2003; Souza 2010;
Eugênio et al. 2011; Almeida et al. 2014). For example, after
18 years of fire protection, Moreira (2000) describes an increase
in woody stem densities compared to areas burned biennially,
but the change reported does not characterize the transition
between a savanna and a forest physiognomy. The same author
hypothesizes that fire protection for sufficiently long periods
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Table 1. Restoration actions tailored to the original vegetation type and disturbance intensity. Resilience refers to the ability of the system to return to its
original vegetation structure under passive restoration when anthropogenic disturbances cease.
Restoration Actions Required According to Vegetation Type
Anthropogenic Disturbance Grassland Savanna (open, typical, or closed) Cerradão
Low-intensity land uses:
increased fire frequency,
low-intensity cattle
grazing, wood harvesting,
no invasive grasses
High resilience: reduce
disturbance frequency
to allow for natural
regeneration through
graminoid and forb
resprouting
High resilience: reduce
disturbance frequency,
including anthropogenic fires,
to allow for natural
regeneration through
graminoid, forb, and woody
species resprouting
High resilience: reduce disturbance
frequency, including anthropogenic
fires, to allow for natural regeneration
through woody species resprouting
Medium-intensity land uses:
low technified pasture or
silviculture: infrequent
plowing, tilling, liming and
soil fertilization, invasive
grasses
Low resilience: control
invasive grasses and
reintroduce graminoids,
forbs, and shrubs
Medium resilience: control
invasive grasses, reduce
anthropogenic fires, allow
woody species resprouting,
and reintroduce graminoids,
forbs, and woody species
High resilience: control invasive
grasses, reduce anthropogenic fires
and allow woody species resprouting
High-intensity land uses:
highly technified pasture,
silviculture, or agriculture:
underground structures
removed, frequent
plowing, tilling, liming and
soil fertilization, invasive
grasses
Low resilience: control
invasive grasses,
promote changes in soil
properties, reintroduce
graminoids and forbs
Low resilience: control invasive
grasses, avoid anthropogenic
fires, promote changes in soil
properties, reintroduce
graminoids, forbs, and woody
species
Low resilience: control invasive
grasses, avoid anthropogenic fires
and reintroduce woody species
Very high-intensity land uses:
mining or soil removal:
vegetation and topsoil
and/or subsoil removal
Very low: reintroduce soil,
graminoids, and forbs,
avoid anthropogenic
fires
Very low: reintroduce soil,
graminoids, forbs and woody
species, avoid anthropogenic
fires
Very low: reintroduce soil and woody
species, avoid anthropogenic fires
of time could lead to more wooded physiognomies (Moreira
2000), but lacks data to support this statement. Our observations
suggest that grasslands on infertile or shallow soils in the core
Cerrado region do not transition to forests when protected from
fire for up to three decades. We note that longer-term data are
needed to fully clarify the relative importance of fire and soil in
maintaining old growth grasslands and savannas.
In contrast, at the edges where the Cerrado borders humid
tropical forest biomes (Amazon and Atlantic forest, Fig. S1),
the dry season tends to be shorter and mesotrophic soils are
more common (Sano et al. 2019). There, fire and cattle exclu-
sion may result in the regeneration of derived-grasslands and
derived-savannas into cerradão in a few decades (Durigan &
Ratter 2006) and in savanna-forest transitions (e.g. Abreu et al.
2017) that have not been documented in the Cerrado core region.
For thousands of years, the Cerrado region has been subjected
to low-intensity anthropogenic disturbances, such as occasional
burning and wood harvesting (Pivello 2011). In the past few
decades, however, large-scale intensive agriculture, pasture-
land, afforestation, and mining have become common, threat-
ening the Cerrado (Klink & Machado 2005; Durigan & Rat-
ter 2016). These activities limit natural regeneration potential
much more strongly than historical disturbance regimes (Table
1). At least 30% of Cerrado has been converted to pastures
and 12% to industrial agriculture (MMA 2015), where repeated
plowing decreases native vegetation resprouting. Fertilizers
and agricultural limestone are commonly added to enrich soil
and neutralize acidity, frequently favoring invasions by exotic
grasses (Bustamante et al. 2012). Pastures are typically seeded
with highly competitive exotic grass species, which rapidly
spread into agricultural fields and degraded areas, increasing
fire frequency (Pivello et al. 1999), outcompeting native species,
and decreasing the resilience of the herbaceous layer (Cava et al.
2017; Silva & Vieira 2017; Coutinho et al. 2018).
Identifying Restoration Targets and Barriers
In most cases, detailed historical disturbance and management
information including fire regime, cattle grazing, and wood har-
vesting are unavailable for degraded areas. Even so, recognizing
the original vegetation types as grassland, savanna, or cerradão
and establishing it as a target is necessary to select the appro-
priate restoration methods and evaluate success. These three
categories establish a reference system that respects the original
structure and function of the vegetation, while recognizing the
common transition between savanna types with low-intensity
disturbances (Fig. 1). Based on our observations and studies,
we propose that grasslands, savannas, and cerradão require
different restoration approaches. Degraded grasslands should
be restored with the focus on the herbaceous layers, whereas
the coexistence between grasses and trees should be the target
of restoring savanna ecosystems. Restoration of degraded cer-
radão should aim to establish a tree layer (Table 1).
Vegetation recovery rates vary with the intensity of past land
use and vegetation type (Vesk & Westoby 2004). As in other
ecosystems with an extended dry season and periodic natural
fires, the resilience and the potential for natural regeneration in
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Cerrado are related in large part to plants’ resprouting ability
(Abreu et al. 2017; Pausas et al. 2017). Many Cerrado species
have low natural recruitment rates, due to low seed viabil-
ity and dispersal, and/or high seed predation (Salazar et al.
2012; Aires et al. 2014), with natural populations persisting for
decades through clonal reproduction and resprouting after fire,
herbivory, and plowing (Moreira 2000).
Under low-intensity disturbance regimes, grasslands, savan-
nas, and cerradão often show high resilience or regeneration
potential, so interrupting anthropogenic disturbances may be
enough for these areas to recover (Table 1). Perennial subshrubs,
shrubs, and trees may persist in degraded savanna and cer-
radão if stem or even root structures have not been depleted by
stump removal, frequent plowing, or repeated herbicide applica-
tion (Ferreira et al. 2017). However, grasses, short-lived herbs,
and shrubs have shallower roots and bud bank organs, making
these species less resilient to anthropogenic soil disturbances
(e.g. Castro & Kauffman 1998; Pausas et al. 2017). Cerradão,
which naturally has a less diverse and abundant native herba-
ceous layer, may be more resilient and prone to natural regen-
eration after medium-intensity disturbances (Table 1) allowing
for faster natural regeneration than savannas and grasslands (e.g.
Durigan et al. 1997; Durigan et al. 1998). When underground
structures are eliminated in cerradão through high-intensity
land use, natural regeneration is constrained. In these cases,
restoration may be achieved through control of invasive grasses,
which act as barriers to native species recruitment and reintro-
duction of woody species (Table 1), as in other forested systems
(Holl 2012). Since cerradão trees generally grow more slowly
than humid forest trees (Vourlitis et al. 2001), invasive grass
control is required for longer periods.
Grasslands and savannas that have been subjected tomedium-
or high-intensity disturbance have low resilience (Table 1),
and restoration of the herbaceous layer is challenging because
tree canopy shade cannot be used to reduce invasive grass
cover. Improved techniques to restore soil properties, control
invasive grasses, and re-introduce native herbaceous species
are essential. Direct seeding can be an effective technique for
increasing native cover (Pellizzaro et al. 2017), since planting
seedlings of herbaceous species is logistically cost prohibitive
at the scale and density required.
When soil is removed for mining or road construction, very
low natural regeneration potential remains for any of the Cer-
rado vegetation types (Table 1). Intensive efforts to recreate
soil structure and fertility and reintroduce plants are needed to
restore the system (Corrêa 2009), and may or may not suc-
ceed. Translocating topsoil and underground structures from
native habitats slated for conversion may be a feasible restora-
tion approach (Ferreira et al. 2015, 2017; Pilon et al. 2018).
Fire should be used carefully as a restoration tool, and
the fire regime needs to be managed considering natural fire
frequency and the management context of specific vegeta-
tion types (Mistry et al. 2018; Schmidt et al. 2018). Frequent
anthropogenic fires may alter the structure of cerradão and
savannas to derived-savannas or derived-grasslands, due to tree
mortality and topkill (Sato 2003; Miranda et al. 2009); there-
fore, in these systems, decreasing rather than increasing fire
frequency may be the most appropriate restoration approach
(Table 1). Such disturbed systems maintain high resilience
and transition back to the original vegetation type if frequent
burning ceases, although some fire-sensitive species may be
eliminated (Hoffmann 1999) and need to be reintroduced as
part of restoration efforts. Fire historically shifted the savanna
ecosystem between closed and open vegetation types and hence
may be an appropriate management tool in savannas (Fig. 1).
Burning may also be useful when combined with mechanical
and/or chemical control of invasive grasses (Martins et al.
2011; Coutinho et al. 2018). But most invasive grass species
are from other fire-adapted systems so burning alone is unlikely
to control these grasses (D’Antonio & Vitousek 1992). Fire
management programs have only recently been implemented in
Cerrado with the main goals of avoiding frequent large wildfires
and protecting fire-sensitive vegetation (Schmidt et al. 2018).
Further research is needed on the effects of different fire fre-
quencies and intensities on vegetation composition of the three
vegetation types. In particular, quantitative data are needed on
long-unburned sites to resolve debates about the relative impor-
tance of soil and fire in maintaining different vegetation types.
Conclusions
Restoring the millions of hectares of degraded grasslands-
savanna-forest mosaics in the Cerrado region and in other conti-
nents is a daunting task, particularly in open canopy ecosystems
where invasive grasses pose a formidable obstacle to recovery
(Coutinho et al. 2018; Sampaio et al. in review). This highlights
the importance of slowing the rapid ongoing conversion rate of
Cerrado (Klink&Machado 2005) and grassy biomesworldwide
(Veldman et al. 2015), as conserving old-growth grassland and
savanna ecosystems is the best option. Efforts to protect these
ecosystems are particularly urgent since the environmentally
damaging industrial agribusiness model implemented in cen-
tral Brazil in the past decades is under expansion, promoting
land-use change in African savannas and other tropical systems
(Castro 2013; Phalan et al. 2013).
Moving from the small-scale Cerrado restoration efforts
currently underway toward the large scale necessary to restore
grassland-savanna-woodland mosaics in Brazil and worldwide
(Mistry 2000) requires two key steps. First, it is essential to
identify both natural and anthropogenic states based on soil con-
ditions, precipitation patterns, prior land use, fire history, and
other factors to set appropriate restoration targets (Mistry 2000).
Examples of misidentifying reference ecosystems in old-growth
grassland and savanna ecosystems are widespread (Veldman
2016), which leads to a waste of scarce restoration funding on
projects that are ecologically unsound and unlikely to succeed.
After setting the target vegetation type, a second critical step
is to assess the natural regeneration potential and barriers to
recovery for each vegetation type. This will help in selecting
the most ecologically appropriate and cost-effective restoration
techniques and enhance restoration success. Finally, there is
an urgent need to promote more experimentation to improve
restoration techniques in the Cerrado grassland-savanna-forest
complex.
946 Restoration Ecology September 2019
Guide to restoring the Brazilian Cerrado
Acknowledgments
We thank the Holl and Press Lab groups, Dr. Giselda Durigan,
Dr. Valter Amaral, and three anonymous reviewers for helpful
comments on previous versions of the manuscript.
LITERATURE CITED
Ab’sáber AN (1981) Domínios morfoclimáticos atuais e quaternários na região
dos cerrados. Craton & Intracraton 14:1–39
Abreu RCR,HoffmannWA,Vasconcelos HL, PilonNA, Rossatto DR, DuriganG
(2017) The biodiversity cost of carbon sequestration in tropical savanna.
Science Advances 3:e1701284
Agência Nacional De Águas (2019) Hidroweb. http://hidroweb.ana.gov.br/
(accessed Jan 2019)
Aires SS, Sato MN, Miranda HS (2014) Seed characterization and direct sowing
of native grass species as a management tool. Grass and Forage Science
69:470–478
Almeida RF, Fagg CW, De Oliveira MC, Munhoz CBR, De Lima AS, De
Oliveira LSB (2014) Mudanças florísticas e estruturais no cerrado sensu
stricto ao longo de 27 anos (1985-2012) na Fazenda Água Limpa, Brasília,
DF. Rodriguésia-Instituto de Pesquisas Jardim Botânico do Rio de Janeiro
65:1–19
Amaral AG, Munhoz CBR, Walter BMT, Aguirre-Gutiérrez J, Raes N (2017)
Richness pattern and phytogeography of the Cerrado’s herb-shrub flora and
implications for conservation. Journal of Vegetation Science 28:848–858
Bestelmeyer BT, Ash A, Brown JR, Densambuu B, Fernández-Giménez M,
Johanson J, Levi M, Lopez D, Peinetti R, Rumpff L (2017) State and
transition models: theory, applications, and challenges. Pages 303–345.
In: Briske DD (ed) Rangeland systems. Springer, New York
Brazil (2018) Flora do Brasil 2020 under construction. JBRJ, Rio de Janeiro,
Brazil
Briske DD, Fuhlendorf SD, Smeins FE (2005) State-and-transition models,
thresholds, and rangeland health: a synthesis of ecological concepts and
perspectives. Rangeland Ecology & Management 58:1–10
Bueno ML, Neves DRM, Souza AF, Oliveira Junior E, Damasceno Junior GA,
Pontara V, Laura VA, Ratter JA (2013) Influence of edaphic factors on the
floristic composition of an area of cerradão in the Brazilian central-west.
Acta Botanica Brasilica 27:445–455
Buisson E, Le Stradic S, Silveira FA, Durigan G, Overbeck GE, Fidelis A,
Fernandes GW, Bond WJ, Hermann JM, Mahy G (2018) Resilience and
restoration of tropical and subtropical grasslands, savannas, and grassy
woodlands. Biological Reviews 92:590–609
BustamanteMMC, Brito DQ, Kozovits AR, Luedemann G,Mello TRB, Siqueira
Pinto A, Munhoz CBR, Takahashi FSC (2012) Effects of nutrient additions
on plant biomass and diversity of the herbaceous-subshrub layer of a
Brazilian savanna (Cerrado). Plant Ecology 213:795–808
Canadell J, Jackson RB, Ehleringer JB, Mooney HA, Sala OE, Schulze ED
(1996) Maximum rooting depth of vegetation types at the global scale.
Oecologia 108:583–595
Castro CMD (2013) A política de cooperação do Brasil com aÁfrica Subsaariana
no setor rural: transferência e inovação na difusão de políticas públicas.
Revista Brasileira de Política Internacional 56:5–22
Castro EA, Kauffman JB (1998) Ecosystem structure in the Brazilian Cerrado: a
vegetation gradient of aboveground biomass, root mass and consumption
by fire. Journal of Tropical Ecology 14:263–283
CavaMGB, Pilon NaL, Ribeiro MC, Durigan G (2017) Abandoned pastures can-
not spontaneously recover the attributes of old-growth savannas. Journal of
Applied Ecology 55:1164–1172
Corrêa RS (2009) Recuperação de áreas degradadas pela mineração no cerrado.
Universa, Brasília, Brazil
Coutinho LM (1978) O conceito de Cerrado.(The concept of Cerrado.). Revista
Brasileira de Botânica 1:17–23
Coutinho AG, Alves M, Sampaio AB, Schmidt IB, Vieira DLM (2018) Effects
of initial functional-group composition on assembly trajectory in savanna
restoration. Applied Vegetation Science 22:61–70
D’Antonio CM, Vitousek PM (1992) Biological invasions by exotic grasses,
the grass/fire cycle, and global change. Annual Review of Ecology and
Systematics 23:63–87
Durigan G, Ratter J (2006) Successional changes in Cerrado and Cerrado/forest
ecotonal vegetation in western Sao Paulo State, Brazil 1962–2000. Edin-
burgh Journal of Botany 63:119–130
Durigan G, Ratter JA (2016) The need for a consistent fire policy for Cerrado
conservation. Journal of Applied Ecology 53:11–15
Durigan G, Franco G, Pastore J, Aguiar OD (1997) Regeneração natural da
vegetação de cerrado sob floresta de Eucalyptus citriodora. Revista do
Instituto Florestal 9:71–85
Durigan G, Contieri WA, Franco G, Garrido MA (1998) Indução do processo de
regeneração da vegetação de cerrado em área de pastagem, Assis, SP. Acta
Botanica Brasilica 12:421–429
Eiten G (1972) The cerrado vegetation of Brazil. The Botanical Review
38:201–341
Eugênio CUO, Munhoz CBR, Felfili JM (2011) Dinâmica temporal do estrato
herbáceo-arbustivo de uma área de campo limpo úmido em Alto Paraíso
de Goiás, Brasil. Acta Botanica Brasilica 25:497–507
Ferreira MC, Walter BMT, Vieira DLM (2015) Topsoil translocation for Brazil-
ian savanna restoration: propagation of herbs, shrubs, and trees. Restoration
Ecology 23:723–728
Ferreira MC, Rodrigues SB, Vieira DLM (2017) Regeneration through resprout-
ing after clear-cutting and topsoil stripping in a tropical dry forest in Central
Brazil. Revista Árvore 41:e410218
França H, Neto MBR, Setzer AW (2007) O fogo no Parque Nacional das Emas.
MMA, Brasília, Brazil
Furley PA (1996) The influence of slope on the nature and distribution of soils
and plant communities in the central Brazilian Cerrado. Pages 327–346.
In: Anderson MG, Brooks SM (eds) Advances in hillslope processes, Vol.
1, John Wiley & Sons, New York
Furley P, Ratter JA (1988) Soil resources and plant communities of the cen-
tral Brazilan Cerrado and their development. Journal of Biogeograhy
15:97–108
Furley P, Ratter J, Gifford D (1988) Observations on the vegetation of eastern
Mato Grosso, Brazil. III. The woody vegetation and soils of the Morro
de Fumaça, Torixoreu. Proceedings of the Royal Society of London B
235:259–280
Haridasan M (1985) Distribution and mineral nutrition of aluminium accumu-
lating species in different plant communities of the Cerrado region of cen-
tral Brazil. Pages 309–348. In: San José JJ, Montes R (eds) Symposium
Internacional sobre la Capacidad Bioproductiva de Sabanas. La capacidad
bioproductiva de sabanas, Caracas, Venezuela
Haridasan M (1992) Observations on soils, foliar nutrient concentrations and
floristic composition of cerrado sensu stricto and cerradão communities
in central Brazil. Nature and dynamics of forest-savanna boundaries.
Chapman & Hall, London, United Kingdom
Haridasan M (2000) Nutrição mineral de plantas nativas do cerrado. Revista
Brasileira de Fisiologia Vegetal 12:54–64
Hedberg P, Kotowski W (2010) New nature by sowing? The current state of
species introduction in grassland restoration, and the road ahead. Journal
for Nature Conservation 18:304–308
Henriques R (2005) Influência da história, solo e fogo na distribuição e dinâmica
das fitofisionomias no bioma do Cerrado. Pages 73–92. In: Silva JC
Souza, Felfili JM (eds) Cerrado: Ecologia, Biodiversidade e Conservação.
Ministério do Meio Ambiente, Brasília, Brazil
Hoffmann WA (1999) Fire and population dynamics of woody plants in a
neotropical savanna: matrix model projections. Ecology 80:1354–1369
Holl KD (2012) Tropical forest restoration. Pages 103–114. In: Andel JV,
Aronson J (eds) Restoration ecology. Blackwell, Malden, Massachusetts
Klink CA, Machado RB (2005) Conservation of the Brazilian Cerrado. Conser-
vation Biology 19:707–713
September 2019 Restoration Ecology 947
Guide to restoring the Brazilian Cerrado
Lehmann CER, Archibald SA, Hoffmann WA, Bond WJ (2011) Deciphering the
distribution of the savanna biome. New Phytologist 191:197–209
Lloyd J, BirdMI, Vellen L,Miranda AC, Veenendaal EM, Djagbletey G,Miranda
HS, Cook G, Farquhar GD (2008) Contributions of woody and herbaceous
vegetation to tropical savanna ecosystem productivity: a quasi-global esti-
mate. Tree Physiology 28:451–468
Martins CR, Hay JDV, Walter BMT, Proença C, Vivaldi L (2011) Impacto
da invasão e do manejo do capim-gordura (Melinis minutiflora) sobre a
riqueza e biomassa da flora nativa do Cerrado sentido restrito. Revista
Brasileira de Botanica 34:73–90
Matthews JW, Spyreas G, Endress AG (2009) Trajectories of vegetation-based
indicators used to assess wetland restoration progress. Ecological Applica-
tions 19:2093–2107
Miranda HS (2010) Efeitos do regime do fogo sobre a estrutura de comunidades
de Cerrado: resultados do Projeto Fogo. Ibama, Brasília, Brazil
Miranda HS, Sato MN, Neto WN, Aires FS (2009) Fires in the Cerrado, the
Brazilian savanna. Pages 427–450. In: Cochrane MA (ed) Tropical fire
ecology. Praxis, Chischester, United Kingdom
Mistry J (2000) Savannas. Progress in Physical Geography 24:601–608
Mistry J, Schmidt IB, Eloy L, Bilbao B (2018) New perspectives in fire manage-
ment in South American savannas: The importance of intercultural gover-
nance. Ambio 48:172–179
Ministério do Meio Ambiente (MMA) (2015) Mapeamento do uso e cobertura
do Cerrado: Projeto TerraClass Cerrado. MMA,Ministério doMeio Ambi-
ente, Brasília, Brazil
Moreira AG (2000) Effects of fire protection on savanna structure in Central
Brazil. Journal of Biogeography 27:1021–1029
Oliveira-Filho AT, Ratter J (1995) A study of the origin of central Brazilian
forests by the analysis of plant species distribution patterns. Edinburgh
Journal of Botany 52:141–194
Pausas JG, Lamont BB, Paula S, Appezzato-Da-Glória B, Fidelis A (2017)
Unearthing belowground bud banks in fire-prone ecosystems. New Phy-
tologist 217:1435–1448
Pellizzaro KF, Cordeiro AOO, Alves M, Motta CP, Rezende GM, Silva RRP,
Ribeiro JF, Sampaio AB, Vieira DLM, Schmidt IB (2017) Cerrado restora-
tion by direct seeding: field establishment and initial growth of 75 trees,
shrubs and grass species. Brazilian Journal of Botany 40:681–693
Phalan B, BertzkyM, Butchart SH, Donald PF, Scharlemann JP, Stattersfield AJ,
Balmford A (2013) Crop expansion and conservation priorities in tropical
countries. PLoS One 8:e51759
Pilon NaL, Buisson E, Durigan G (2018) Restoring Brazilian savanna ground
layer vegetation by topsoil and hay transfer. Restoration Ecology 26:73–81
Pivello VR (2011) The use of fire in the Cerrado and Amazonian rainforests of
Brasil: past and present. Fire Ecology 7:24–39
Pivello VR, Shida CN, Meirelles ST (1999) Alien grasses in Brazilian savannas:
a threat to the biodiversity. Biodiversity and Conservation 8:1281–1294
Prado DE, Gibbs PE (1993) Patterns of species distributions in the dry sea-
sonal forests of South America. Annals of the Missouri Botanical Garden
80:902–927
Ramos-Neto MB, Pivello VR (2000) Lightning fires in a Brazilian savanna
national park: rethinking management strategies. Environmental Manage-
ment 26:675–684
Ribeiro JF, Walter BMT (2008) As principais fitofisionomias do bioma Cerrado.
In: Sano SM, Almeida SP, Ribeiro JF (eds) Cerrado: Ecologia e flora.
Embrapa, Brasília, Brazil
Rizzini CT, Heringer EP (1962) Preliminares acerca das formações vegetais e do
reflorestamento no Brasil Central. Ministério da Agricultura, Serviço de
Informação Agrícola, Brasília, Brazil
Salazar A, Goldstein G, Franco AC, Miralles-Wilhelm F (2012) Seed limitation
of woody plants in Neotropical savannas. Plant Ecology 213:273–287
Sampaio AB, Vieira DLM, Holl KD, Pellizaro KF, Alves M, Coutinho AG,
Cordeiro AOO, Ribeiro JF, Schmidt IB (in review) Lessons on direct
seeding to restore Neotropical savanna. Ecological Engineering
Sano EE, Rodrigues AA, Martins ES, Bettiol GM, Bustamante MM, Bezerra
AS, Couto AF Jr, Vasconcelos V, Schüler J, Bolfe EL (2019) Cerrado
ecoregions: A spatial framework to assess and prioritize Brazilian savanna
environmental diversity for conservation. Journal of Environmental Man-
agement 232:818–828
SatoM (2003) Efeito a longo prazo de queimadas prescritas na estrutura da comu-
nidade de lenhosas da vegetação do Cerrado sensu stricto. Universidade de
Brasília, Brasília, Brazil
Schmidt IB, Moura LC, Ferreira MC, Eloy L, Sampaio AB, Dias PA, Berlinck
CN (2018) Fire management in the Brazilian savanna: First steps and the
way forward. Journal of Applied Ecology 55:2094–2101
Silva RRP, Vieira DLM (2017) Direct seeding of 16 Brazilian savanna trees:
Responses to seed burial, mulching and an invasive grass. Applied Vegeta-
tion Science 20:410–421
Simon MF, Grether R, Queiroz LPD, Skema C, Pennington RT, Hughes
CE (2009) Recent assembly of the Cerrado, a neotropical plant
diversity hotspot, by in situ evolution of adaptations to fire. PNAS
106:20359–20364
Sousa ADP, Vieira DLM (in review) Evaluating a watershed restoration program
in Central Brazil. Restoration Ecology
Souza AJB (2010) Estrutura e dinâmica da vegetação lenhosa de cerrado sensu
stricto no período de 19 anos, na Reserva Ecológica do IBGE, Distrito
Federal, Brasil. UnB, Brasília, Brazil
Suding KN (2011) Toward an era of restoration in ecology: successes, failures,
and opportunities ahead. Annual Review of Ecology, Evolution, and Sys-
tematics 42:465–487
Suding KN, Gross KL, Houseman GR (2004) Alternative states and positive
feedbacks in restoration ecology. Trends in Ecology&Evolution 19:46–53
TrowbridgeWB (2007) The role of stochasticity and priority effects in floodplain
restoration. Ecological Applications 17:1312–1324
Veldman JW (2016) Clarifying the confusion: old-growth savannahs and tropical
ecosystem degradation. Philosophical Transactions of the Royal Society, B,
Biological Sciences 371:20150306
Veldman JW, Buisson E, Durigan G, Fernandes GW, Veldman RG, Zaloumis
NP, Putz FE, Bond WJ (2015) Toward an old-growth concept for grass-
lands, savannas, and woodlands. Frontiers in Ecology and Environment
13:154–162
Vesk PA, Westoby M (2004) Sprouting ability across diverse disturbances and
vegetation types worldwide. Journal of Ecology 92:310–320
Villalobos-Vega R, Salazar A, Miralles-Wilhelm F, Haridasan M, Franco AC,
Goldstein G (2014) Do groundwater dynamics drive spatial patterns of
tree density and diversity in N eotropical savannas? Journal of Vegetation
Science 25:1465–1473
Vourlitis GL, Priante Filho N, Hayashi MMS, Nogueira JS, Caseiro FT,
Holanda-Campelo J (2001) Seasonal variations in the net ecosystem CO2
exchange of a mature Amazonian transitional tropical forest (cerradao).
Functional Ecology 15:388–395
Westoby M, Walker B, Noy-Meir I (1989) Opportunistic management for range-
lands not at equilibrium. Journal of Range Management 42:266–274
Supporting Information
The following information may be found in the online version of this article:
Figure S1. Map of Brazilian biomes. The Cerrado region (light green) is in central
Brazil and borders four different biomes.
Figure S2. Photos of the three main Cerrado vegetation types: (A) grassland; (B)
savanna, and (C) cerradão (scleromorphic forest). Photos: Bruno M. T. Walter.
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